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1. Introduction

In the Standard Model (SM), the electroweak gauge bosons W and Z vector bosons acquire
mass through the Higgs mechanism, which is based on the spontaneous symmetry breaking of a
Higgs doublet ¢ in a scalar potential V(¢). Extensions of the SM in the Higgs sector introduce
one or more doublets resulting in a richer bosonic particle spectrum able to explain phenomena for
which the SM fails. In particular, the Two Higgs Doublet Model (2HDM), two doublets ¢; and
¢, are introduced with a modified potential V (¢, ¢,), resulting in 5 Higgs bosons in the spectrum
after the electroweak symmetry breaking [1]:

- CP even, neutral: h (125 GeV), H;
- CP odd, neutral pseudoscalar A;
- charged H*.

Observation of one of these bosons (with the exception of the SM Higgs) leads unequivocally to
physics beyond the SM. So far no additional boson has been observed and direct searches for such
bosons put constraints in the parameter space of the 2HDM [2].

This work focuses on charged Higgs bosons, for which the mass parameter is unconstrained
and can have a value in the range from GeV to the TeV scale. The production depends on its mass:
for charged Higgs bosons below the top quark mass, the dominant production mode is from decays
of the top quarks (mainly from ¢7 production). For charged Higgs bosons above the top quark mass,
associated production rH " (b) is dominant in the 5FS(4FS). Charged Higgs boson mases around
the top quark mass involve interference effects as well as top width effects and the full process
pp — HEW*bb must be taken into account [3].

For what concerns the charged Higgs boson decay, several Yukawa coupling schemes are
possible which are defined based on the coupling combinatorics of particle generation and the
doublet fields. In particular, in the type-II the up-type quarks couple to ¢» whereas the down-type
quarks and charged leptons couple to ¢;, which give rise to an enhanced coupling to the third
generation particles (¢, b, 7). As aresult, the b and TV final states are interesting for direct charged
Higgs searches and put constraints on the 2HDM parameter space in type-I1.

This work covers the H® — 75 v; decay mode in both hadronic and leptonic final states [4].
A broad mass range from 80 GeV to 3 TeV is probed including the challenging intermediate mass
range around the top quark mass. The results are based on the 13 TeV dataset with 35.9 fb~! of
integrated luminosity collected with the CMS experiment [5] in 2016.

2. Hadronic final state

The hadronic final state requires the presence of a hadronically decaying t-lepton (7;) in as-
sociation with large E?iss from the neutrinos (see Figure 1). Additional jets are present from the
hadronic top quark decays. The presence of any lepton (electron, muon) is vetoed. Because all
neutrinos originate from the charged Higgs decay, the transverse mass reconstruction is possible
using 7, + B system:

mr = \/ZPT<Th>E¥is5(1 _COSA¢(ﬁT(Th),ﬁ?iSS))_
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Figure 1: Feynman diagram of the hadronic final state.

2.1 Event selection and categorization

Events are selected using an online trigger composed of a 7;, and E%liss leg with respective pr
thresholds of 50 and 90 GeV, with an additional selection on the ), leading track py of 30 GeV.
Further offline selection criteria are applied which are optimized to enhance signal sensitivity:

hadronically decaying tau lepton, 1-prong only;
- B > 90 GeV;
at least 3 jets, one b-tagged jet;

veto on electrons or muons.

An additional angular cut to suppress jet — fake 7, backgrounds (mainly from QCD multijets)
is applied, defined as follows:

R™ — min { \/(1800 — AG (T, F))? + (A9 (jetn,ﬁ$iss))2} > 40°.

This formula is justified by considering that the majority of QCD multijet events have a back-to-
back di-jet pair, where one of the jets is mis-identified as a 7 jet. Hence the E?i“ is overestimated
in the mis-identified 7 direction which simultaneously minimizes A¢ (7, p7'**) and maximizes
A9 (jet,,, pT5%), where n runs over the reconstructed jets. An optimal working point of 40° has been
chosen across entire mass range (see Fig. 2 (left)).

In order to further enhance the signal sensitivity, the event phase space is divided in two cate-
gories by exploiting the difference in polarization states of the 7, originating either from H* decays
(scalar, left-handed 7;,) or from W decays. (vector, right-handed 7). Because longitudinal polar-

ization states tend to have a higher leading track pr, the variable R; defined as

pr(leading track)
Rr -
pr(T)

i

is sensitive to the 7, polarization state, as can be seen from Fig. 2 (right). Indeed, for low
values of R; the backgrounds are dominant whereas at high values of R; the distribution is more
pure in signal. Events are categorized based on R; > 0.75 and R; < 0.75 which is also optimized
across entire mass range.
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Figure 2: Left: distribution of the R{}};“ variable where it can be seen that the jet — fake 7;, background piles
up at low values of R{;E“. Right: R; distribution which separates the signal (high R;) and background (low
R:) 7, polarization states [4].

3. Leptonic final states

The search for a charged Higgs boson in the H® — 15 v; (single) leptonic final state is con-
ducted in two categories based on whether a hadronically decaying tau lepton can be resolved or
not: ¢+ 7, and ¢+ no 7, respectively (see Fig. 3 for example Feynman diagrams). This division is
motivated by the different background natures and different signal sensitivities in those categories.
Indeed, in the ¢+ 7, two leptons (7, and /) are present with as major background dileptonic #7
events whereas for the ¢+ no 7, category only the semileptonic 7 background is abundant. Apart
from the lepton and optionally a 7, signal-like events also contain large ER** due to the neutrinos
involved and jets, for which at least one is a b-jet originating from top decay.

Signal extraction is also based on the transverse mass distribution reconstructed from the ¢ +
ETsS system:

mr = \/2PT(£)E?185(1 —cos AP (Pr(L), priss)).

However, due to the presence of additional neutrinos from the 7 decay and neutrino from the
semileptonic top decay especially in the ¢ + 7, category, the my distribution is more smeared and
does not exhibit a sharp peak at the endpoint mass.

Furthermore, the event phase space with high jet multiplicities is found to be more sensitive
in the H* — b leptonic analysis and therefore the H — t+v; leptonic final state is limited with a
jet multiplicity up to 3.
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Figure 3: Feynman diagrams for the ¢ + 7, category (left, center) and the ¢+ no 7, category (right) [4].

3.1 Event selection

Events are selected using online lepton triggers, separately for both electron and muon final
states. Several triggers are combined to gain efficiency at high lepton pr. Opposed to the hadronic
final state, the leptonic final states make use of a loose (offline) event selection with a large catego-
rization to enhance signal sensitivity and to constrain the backgrounds and their uncertainties. For
the ¢ + 7, final state, the event selection is given by:

lepton + trigger + hadronic T;
- EXis > 70 GeV;
one, two or three jets, at least one b-tagged jet;

veto on additional loose leptons;
A¢ (E?iss, ¢) > 0.5 (non-prompt leptons).

A similar event selection is applied to the £+ no 7, final state:

- lepton + trigger + veto hadronic 7;

- EWiss > 100 GeV;

- one, two or three jets, at least one b-tagged jet;

- veto on additional loose leptons;

- AQ(EXSS () > 0.5 (non-prompt leptons);

- AQ(E™S leading jet) > 0.5 (fake leptons);

- min(A¢(¢,jet)) < m — 0.5 (jet mismeasurements).

The high E%‘iss thresholds and angular cuts suppress fake leptons and taus to a negligible
amount. Fake leptons originate from QCD multijet events or from muonic b-hadron decays (non-
prompt leptons).

3.2 Categorization

Based on the loose event selection described above, a categorization is performed to enhance
signal sensitivity, to constrain the backgrounds (mainly #7) and the associated uncertainties. The
categorization is performed in three dimensions: jet multiplicity, b-jet multiplicity and B, for
both electron and muon final states.

The jet related categorization mainly exploits the constrains of the dominant systematics. Fur-
thermore the signal sensitivity changes for different categories and for different charged Higgs
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Figure 4: Significance S/+/B for each of the jet categories for a charged Higgs mass of 200 GeV (left) and
2 TeV (right). S(B) represents the total signal(background) yield in that category; the signal is normalized
to 1 pb [4].

masses. In particular for higher charged Higgs masses, the sensitivity is pushed towards higher
jet multiplicities as can be seen from Fig. 4 where the significance is given in each category for
a low and high mass hypothesis. 3 categories are used for the ¢ + 7, category: 1j/1b, 2-3j/1b and
2-3j/2-3b. For the £+ no 1, 4 categories are used: 2j/1b, 2j/2b, 3j/1b and 3j/2-3b.

Another categorization in bins of E%liss is performed to enhance signal sensitivity. Low values
of EMS are background abundant whereas higher E'* regions are more pure in signal. 3 categories
are used for the £+ 1, category: 70 < EXis < 100 GeV, 100 < ERss < 150 and EF'sS > 150 GeV.
For the ¢+ no 7, only two categories are used due to the higher ErTniSS threshold: 100 < E?iss <
150 and ERsS > 150 GeV.

4. Background estimation

The major backgrounds are jet — fake 7;, (hadronic final state only), ¢ and W+jets. Minor
backgrounds such as single top, DY+jets and diboson are also considered in the analysis. All
backgrounds are estimated from simulation, except the jet — fake 7, which is estimated using a
data-driven technique (fake rate).

The data-driven method in the hadronic final state . hominal selection inverted selection
. .. . . S
consists of deriving transfer factors in a loose region > : :
. . . e NOMINAl, (uu— inVerted,
(pure in fake 73,) between the nominal and inverted 7, @ loose loose
. . . . . o
isolation. The transfer factors are derived in bins of 7, S

pr and 1 to minimize correlations and mitigation of
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signal application
region frm— region

After all
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in signal region, the transfer factors are applied in the

application region.
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5. Intermediate mass range
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Figure 5: Normalized generator jet multiplicity distributions for both LO (red) and NLO (blue), for charged
Higgs masses of 150 GeV (light production mode, left) and 180 GeV (heavy production mode, right) [4].

For charged Higgs masses around the top quark mass, the interference of the heavy and light
charged Higgs production modes must be taken into account as well as top-width effects [3]. Sev-
eral resonances contribute to the total cross section of the intermediate charged Higgs masses,
where also resonances with neutral scalars (H, A) must be taken into account. Due to the interplay
of the neutral scalars, the charged Higgs production mode becomes model dependent and therefore
they are omitted to avoid such model dependencies. Currently, from theory point of view it is diffi-
cult to calculate the interference effects up to NLO accuracy level, therefore only the leading order
results are available. Because the light and heavy mass samples are generated at NLO, a re-scaling
procedure on the intermediate LO samples has been applied.

Differences between LO and NLO are studied based on LO samples in overlap with the light
NLO (140-160 GeV) and heavy NLO (180-220 GeV) samples. It has been found their mr shapes
are similar, though deviations in acceptance from jet multiplicity and production mode (light vs.
heavy) have been observed. This is shown in Fig. 5 where the normalized generator jet multiplicity
distributions are shown for both LO and NLO, for charged Higgs masses of 150 GeV (light pro-
duction mode) and 180 GeV (heavy production mode). To cope with these acceptance differences,
NLO/LO scale factors are derived using the overlapping samples:

- derived for both light (140-160 GeV) and heavy mass (180-220 GeV) regime;
- derived in each category of the final states.

The scale factors are applied to the intermediate mass samples for 165 GeV (light scale factors)
and 170/175 GeV (heavy scale factors). Statistical uncertainties in the scale factors are taken into
account as normalization uncertainties.
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6. Results

A simultaneous fit based on the hadronic and leptonic my templates is performed by means
of a binned maximum likelihood fit. In total 36 mr templates are fitted: 2 hadronic templates, 18
templates from the £+ 1, category and 16 from the £+ no 7, category. Experimental and theoretical
uncertainties are incorporated in the likelihood as profiled nuisance parameters. The most impact-
ing nuisances are related to the 7, identification and the modelling of ¢7 especially in the leptonic
final states.

No excess in data is observed after the fit which means the result is in agreement with the Stan-
dard Model prediction. 95% CL exclusion limits on charged Higgs cross section times branching
fraction are set within the asymptotic approximation [6]. The results are shown in Fig. 6 (left),
where the upper limit is shown from 80 GeV to 3 TeV charged Higgs mass hypotheses, including
the intermediate mass range. The sensitivity ranges from ~ 6 pb at low mass to ~ 4.8 fb at high

mass.
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Figure 6: Left: 95% CL exclusion limits on charged Higgs cross section times branching fraction. Right: ex-
pected upper limit for the hadronic final state (blue), leptonic final states (red) and combined result (black)[4].

On Fig. 6 (right), the hadronic (blue) and leptonic (red) expected limits are shown separately
and compared to the combined result (black). At low mass, the leptonic final state is dominant
because it benefits from categorization and background constraints due to high statistics whereas
the hadronic final state is constrained by E?i“ and 7T pr trigger thresholds. On the other hand at
high mass the hadronic final state is fully dominant due to the clear my shape and the limitation of
jet multiplicity in the leptonic final state.

Model dependent interpretation. The model independent upper limits are interpreted in a Min-
imal Supersymmetric Standard Model (MSSM) benchmark scenario. In the MSSM, which is de-
scribed in the type-I11 2HDM, only two free parameters are present: the mass of the charged Higgs
(my+) and tan B = v, /v;, where V; is the vacuum expectation value of doublet i [7]. The other re-
maining parameters in the 2HDM are fixed which leads to several interpretative scenarios. Shown
in Fig. 7 is the exclusion of the value of tan 3 as function of my+ for the MSSM mhm"d' scenario.
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Figure 7: Model dependent exclusion of tan 8 as function of my+ for the MSSM m,
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7. Conclusions
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In this work the CMS H* — 7%y, result is presented based on the 13 TeV dataset with
35.9 fb~! of integrated luminosity. Both hadronic and leptonic final states are considered over
a broad mass range from 80 GeV to 3 TeV, with the inclusion of the intermediate mass regime.
Results are in agreement with the Standard Model prediction and 95% CL exclusion limits are
set on the charged Higgs production times branching fraction. The model independent result is
interpreted in a MSSM benchmark scenario.
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